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ABSTRACT

SEASONAL MICROHABITAT USE OF YOUNG-OF-THE-YEAR BULL TROUT,
SALVELINUS CONFLUENTUS, IN A DROUGHT YEAR
by
Ashton Brook Bunce
July 2016
This study examined the microhabitat use of young-of-the-year (YOY) bull trout,
Salvelinus confluentus, throughout the summer and fall of 2015 in Gold Creek, a third
order Cascade Mountain stream near Snoqualmie Pass, WA. It is crucial to understand
YOY habitat requirements, as this life stage is highly vulnerable to fluctuations in
streamflow and various ecological risks associated with their dispersal. Previous
research has demonstrated that YOY salmonids often occupy stream margins where
they are sheltered from these kinds of threats. However, in the face of climate change,
Pacific Northwest streams are more susceptible to decreased summer streamflows and
elevated, irregular winter streamflows. Thus, preference for stream margin habitats by
YOY salmonids may be detrimental in areas characterized by more severe, flashy
hydrologic regimes.
Juvenile and adult bull trout have been shown to exhibit some of the most
stringent requirements for cold-water, complex habitats of any salmonid in the Pacific
Northwest, but little is known about the YOY life stage. This study attempted to expand
on the body of literature on YOY bull trout and their habitat selection. Microhabitat
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variables including bottom velocity, water depth, distance to the nearest shoreline,
substrate composition and presence or absence of various fish cover types were
evaluated to characterize microhabitat preferences of YOY bull trout. YOY were
observed inhabiting shallow stream margins with little or no detectable flow. A
generalized linear mixed model was developed to predict the probability of presence of
YOY bull trout in response to microhabitat variables. Overall, YOY bull trout in Gold
Creek were shown to have very specific habitat requirements relative to the stream
habitat available. The optimal model suggested that bottom velocity, distance to the
nearest shoreline and an interaction between depth and season were some of the most
significant predictors of presence of YOY bull trout. The results from this study
demonstrate the importance of critical rearing habitat for highly vulnerable YOY bull
trout.
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CHAPTER I
INTRODUCTION
The bull trout (Salvelinus confluentus) is a freshwater fish and apex predator
whose distribution and abundance is greatly affected by its stringent habitat
requirements. These fish are members of the char subgroup of the family Salmonidae,
which are adapted to cold, clean water and complex habitat, making them excellent
indicators of water quality. Fisheries biologists have deemed the habitat requirements
of bull trout to be very particular relative to other salmonid species of the Pacific
Northwest (Rieman and McIntyre 1993; Al-Chokhachy et al. 2010; USFWS 2015).
Unfortunately, this specificity makes them extremely vulnerable to habitat degradation
and fragmentation.
In turn, it is this vulnerability to environmental change and anthropogenic
influence that has precipitated their decline. Historically, these fish were distributed
throughout Western Canada and the Pacific Northwest, with additional populations
extending into southeast Alaska, inter-mountain Montana, and northern California and
Nevada (McPhail and Baxter 1996; USFWS 2015). However, several decades of
population declines warranted the listing of bull trout in the coterminous United States
as a threatened species under the Endangered Species Act in 1999 (USFWS 2008). Their
current range in the United States is an estimated 60% of their historic distribution
(USFWS 2015), with an additional 57% of bull trout populations in the Canadian
province of Alberta experiencing similar declines and fragmentation (COSEWIC 2012).
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Some of the most significant reasons for the decline of bull trout include
competition and hybridization with invasive fish species, habitat fragmentation due to
fish passage barriers and habitat degradation resulting from various land use practices
(USFWS 2015). Additionally, studies suggest further loss and fragmentation of suitable
bull trout habitat under current climate change projections (Rieman et al. 2007, Isaak et
al. 2012). Ultimately, many of the threats to bull trout can be reduced to a loss of
habitat quality or quantity. Thus, it is necessary for biologists to understand what
constitutes suitable fish habitat to return degraded and fragmented areas to a restored
state and allow for natural habitat-forming processes to occur.
Seasonal and diel habitat preferences for age 1+ bull trout have been closely
investigated in recent decades. Several studies have focused on specific habitat
parameters associated with juvenile and adult bull trout populations. Juvenile bull trout
have been shown to occupy deep, low velocity habitats (Thurow 1997) in close
association with the streambed and cover (Fraley and Graham 1982; Pratt 1984;
Shepard et al. 1984; Fraley and Shepard 1989; Goetz 1994; Sexauer and James 1997;
Thurow 1997; Bonneau and Scarnecchia 1998; Jakober et al. 1998). Cover used by
juveniles may include large woody debris, unembedded substrate or undercut banks
(Pratt 1984). Adult bull trout have been observed to use even deeper low velocity
habitats than do juveniles, also in close association with a variety of cover types (AlChokhachy and Budy 2007). They have been observed to use aggrading areas with
groundwater infiltration and gravel and cobble size substrate for spawning (Shepard et
al. 1984, Pratt 1985).
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Young-of-the-year (YOY) bull trout occupy very different habitats than do older
cohorts (McPhail and Murray 1979; Fraley and Shepard 1989; Saffel and Scarnecchia
1995; Bonneau and Scarnecchia 1998). Age-0 bull trout have been found to prefer
stream margins, where they are more protected from larger fish and expend less energy
in shallow, low velocity water (McPhail and Murray 1979; Pratt 1984; Fraley and
Shepard 1989; Bonneau and Scarnecchia 1998; Polacek and James 2003). Conversely,
juvenile bull trout (age-1+) exist in deeper, swifter water relative to YOY, with a strong
preference for pools containing large woody debris and cobbles (McPhail and Murray
1979; Bonneau and Scarnecchia 1998). This segregation of age-0 bull trout and age-1+
juvenile bull trout has been found to be more pronounced during the night, when YOY
have been observed retreating further into the shallows, presumably to avoid predation
by older juvenile fish (Polacek 1998). Older cohorts of bull trout have been documented
to cannibalize smaller bull trout (Shepard et al. 1984; James 1997; Beauchamp and Van
Tassell 2001). Thus, YOY habitat preferences appear to be highly divergent from those
of older cohorts and this age class should not be combined with older conspecifics in
determining habitat selection.
A comprehensive literature review of many of the previous studies examining
bull trout habitat relationships (Al-Chokhachy et al. 2010) examined the consistency of
habitat use at microhabitat (1 m2), channel unit (1-20 m) and reach level (100-300 m)
spatial scales. This review determined that 65% of the peer-reviewed papers evaluated
were focused on juvenile bull trout, while the remainder incorporated both juvenile and
adult age classes into their study. Overall, habitat use studies proved to be more
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dependable at the microhabitat and channel unit scales. Fairly consistent results across
several studies at these scales demonstrated that deeper areas of low velocity and
complexity of habitat are important for bull trout (Al-Chokhachy et al. 2010). Of the
studies incorporated into this analysis, only 25% collected any information on the YOY
age class (see Fraley and Shepard 1989; Saffel and Scarnecchia 1995; Goetz 1997;
Jakober 2000; Spangler and Scarnecchia 2001; Polacek and James 2003). However, out
of these studies, only half examined both habitat use and availability in determining
habitat associations for the YOY age class. Among those that considered both available
and used habitat, one study examined YOY habitat use at the channel unit level (see
Saffel and Scarnecchia 1995) and the remaining two studies looked at microhabitat use
during the summer and fall (see Spangler and Scarnecchia 2001) and during the fall and
winter (see Jakober 2000). Several studies have recorded some ancillary information on
YOY habitat selection. However, to my knowledge, there are no studies that have
focused exclusively on YOY bull trout; all of the studies mentioned here examined YOY in
conjunction with older juvenile cohorts age-1+.
It is crucial that we understand what constitutes suitable rearing habitat for YOY
fish, as they are extremely vulnerable to a variety of biotic and abiotic factors owing to
their small size, roughly 20-70 mm throughout the first few seasons of development
(McPhail and Baxter 1996). Salmonids exhibit a type III survivorship, where the highest
mortality rates are experienced at these early life stages and these rates decrease with
age (Hendry and Stearns 2004). One study (Einum and Nislow 2005) discussed various
restrictions on newly emerged salmonid dispersal including limited mobility, energetic
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costs of movement and threat of decreased food or elevated predation rates with
dispersal. Preference of shallow water areas and limited mobility of YOY fish may be
detrimental to YOY, exposing them to increased risk of stranding in areas where
dewatering or fluctuating water levels are present (Bradford 1997). Thus, this YOY life
stage is arguably the most vulnerable period in fish development.
As a result of their susceptibility to these various ecological threats, it is crucial
that upon emergence, YOY are able to find suitable rearing habitat where they can seek
refuge. However, the literature on YOY bull trout and their habitat selection is lacking,
even though it has been proposed that reduced survival resulting from limited rearing
habitat might act as an "ecological bottleneck” at this life stage, restricting overall
production of bull trout populations (McPhail and Murray 1979).
If YOY are found to have preferences for distinct habitat types, this could have
broad implications for fisheries management and habitat restoration work. To restore
populations of bull trout and enhance their habitat, this may mean focusing to create
specific rearing areas for the YOY age class in addition to providing habitat for older
juveniles and spawning adults. It is essential for fisheries biologists to better understand
what constitutes suitable habitat for YOY rearing and how these preferences change
throughout the first few seasons of their development.
The goal of this study was to examine microhabitat use by YOY bull trout
throughout their first few seasons of development in Gold Creek, a third order Cascade
Mountain stream near Snoqualmie Pass, WA. The main questions included, 1) Do YOY
bull trout show preferences for specific habitat types and if so, what are the
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characteristics of those habitats? and 2) How do these habitat preferences change
throughout their first few seasons of development as they grow? Other ancillary
objectives included characterizing the physical and behavioral development of YOY bull
trout and recording their growth.
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CHAPTER II
STUDY SITE
Gold Creek is a third order stream located in central Washington in the Cascade
Mountains. Gold Creek flows south-southwest into Keechelus Lake located along
Interstate 90 on the eastern side of Snoqualmie Pass (Figure 1). It flows for ~13 km
before entering the reservoir at its northern end (Wissmar and Craig 2004). Gold Creek
originates in the Alpine Lakes Wilderness and its drainage basin extends 35.2 km 2 (Craig
1997) through national forest, state and private lands (Reiss et al. 2012). It is the only
tributary used for spawning by a population of adfluvial bull trout that resides in
Keechelus Lake (Craig 1997). The stream is accessible to bull trout from the lake
upstream ~8.5 km to a bedrock cascade segment, with a more abrupt waterfall an
additional 2.9 km upstream (Craig 1997). Since monitoring of the stream began in 1984,
redd counts for bull trout within Gold Creek average ~17 redds per year, with a high of
51 in 1996 and a low of 2 in 1984 and 1985 (personal communication with Eric
Anderson, WDFW).

Physical Habitat
Gold Creek is flanked by Rampart Ridge on the southeast side and Snoqualmie
Pass and Kendall Peaks to the northwest (Diechl et al. 2011). It has a maximum
elevation of 1597 m above mean sea level (AMSL) at its catchment basin and a minimum
elevation of 762 m AMSL where it enters Keechelus Lake. This glacier-carved alluvial
valley is part of the Cascade Mountain Range that extends from southern British
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Figure 1. Map showing overview of Keechelus Lake and the Gold Creek watershed along
Interstate 90 near Snoqualmie Pass, WA.
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Columbia to northern California (Diechl et al. 2011). Discharge measurements previously
observed in Gold Creek range from 0.35 m3·s-1 in mid-August to 0.56 m3·s-1 in late
September (Thomas 2001). Primary vegetation within the Gold Creek watershed
includes western hemlock and Pacific silver fir trees with subalpine species at greater
elevations (Diechl et al. 2011). Average annual precipitation in the Gold Creek Valley is
222.5 cm with air temperatures ranging from about 1.7 to 11.1 degrees Celsius (NSD
2013).

Land Use and Development
Historic land use and development in the Gold Creek Valley surrounded the
construction and expansion of Interstate 90 as well as the profitable endeavors of
mining and logging. At the turn of the 19th century, metals including gold, silver and
copper were extracted along Gold Creek by at least three major mining companies
(Diechl et al. 2011). Beginning around the mid-1900s, old growth timber harvest greatly
reduced the stability of Gold Creek (Meyer 2002; NSD 2015), especially in the lower mile
(Reiss et al. 2012). With decreased LWD recruitment supporting the channel, the creek
worked to erode its streambanks, widening the channel by an estimated 90% (Meyer
2002; Reiss et al. 2012; NSD 2015). Lack of LWD also led to a loss of instream habitat
complexity, pools and cover (NSD 2015).
In addition, gravel excavations were made from the floodplain of lower Gold
Creek in the 1970s, which were used for the expansion of Interstate 90 (Craig 1997).
One of these excavations was later converted into a pond and maintained as a day-use
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site by the Forest Service as part of the Mount Baker-Snoqualmie National Forest. A
recent hydrologic study demonstrated that the location of this 27-acre pond, with
respect to the valley axis, creates a gradient for groundwater to be drawn away from
the stream subsurface to the eastern portion of the valley (NSD 2013). As a result,
dewatering has been observed almost annually between July and September (Craig
1997; NSD 2013) for as much as 3.2 km from the confluence of Gold Creek with the
pond outlet channel upstream (Craig 1997). This has many implications for bull trout
returning to spawn around the same time and for juveniles that are very susceptible to
stranding or entrapment due to dewatering.
In addition to the pond, other significant anthropogenic developments near the
lower river include Interstate 90 and Forest Service Road 4832, which cross over Gold
Creek near its mouth. Additionally, 2.4 to 2.9 km upstream of the reservoir, a private
housing development of seasonally-used cabins and extensive network of roads lie
within the floodplain and riparian corridor of Gold Creek. To the north of this housing
development is a well-used hiking trail that follows Gold Creek for roughly 4.8 km.
These developments have caused further reduction of instream and riparian habitat
complexity in the lower to middle reaches of Gold Creek.
Adult and subadult bull trout also use Keechelus Lake as foraging, migration,
and overwintering habitat for a large portion of the year. Historic limnological studies of
the lake deemed it oligotrophic with high transparency and low levels of phosphorous
and inorganic nitrogen relative to other Washington State lakes surveyed (EPA 1977).
Keechelus Lake was a natural moraine lake produced by alpine glaciation, but was raised
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to serve as storage for irrigation when it was dammed on its lower end in 1917 (Diechl
et al. 2011). This resulted in a storage capacity of 158,000 acre-feet (Reiss et al. 2012)
with lake level fluctuations of 60 feet each year (Diechl et al. 2011).
Keechelus Dam has had direct and indirect effects detrimental to the Gold Creek
bull trout population. During its construction, there was extensive clearing of timber in
and around the lakebed, paired with altered hydrology and inundation of the lower
reaches of Gold Creek, working to further reduce habitat for bull trout (Meyer 2002;
Diechl et al. 2011). Due to a lack of fish passage, this dam also resulted in the genetic
isolation of Gold Creek bull from other Yakima Basin bull trout populations, eliminating
the possibility for a functional Yakima metapopulation (Reiss et al. 2012). Furthermore,
it inhibited passage to anadromous Pacific salmon species migrating up the Yakima River
(Diechl et al. 2011), a historic food source for bull trout. Thus, Keechelus Dam has
altered historic conditions dramatically for this bull trout population.
In 1998, the USFWS deemed the Gold Creek bull trout population to be
“depressed and declining” and considered it “at risk of extirpation” (USFWS 2015). The
Yakima Basin Bull Trout Action Plan, developed in 2012 by Yakima Basin fisheries
biologists, described the highest threats to the Gold Creek population as its low
abundance, passage barriers (namely Keechelus Lake Dam) and annual dewatering
during the summer months in the lower to middle reaches of Gold Creek (Reiss et al.
2012). Additionally, a federal recovery plan indicated that there is limited rearing
habitat in Gold Creek and other upper Yakima Basin populations, although research on
this matter is lacking (USFWS 2015). The focus of this study was to examine optimal
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rearing habitat for Gold Creek YOY, for future purposes of determining rearing habitat
extent and restoring degraded areas.
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CHAPTER III
METHODS
Four ~100 m study reaches were selected in Gold Creek to capture a variety of
habitat types found within the spawning reaches (Table 1 and Figure 2). Study reaches
were selected higher up in the watershed to evade some of the anthropogenic
developments and dewatering of the lower river and to capture YOY habitat
relationships in a more natural environment. A hiking trail ~ 2.9 km up from the lake,
which runs adjacent to Gold Creek for roughly 4.8 km, was used to access the four study
reaches.

Table 1. Coordinates for the downstream end of the four study locations (reaches 1-4)

Reach
1
2
3
4

Latitude
47.4179500°
47.4213333°
47.4316000°
47.4371000°
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Longitude
-121.3621333°
-121.3618833°
-121.3516833°
-121.3513667°

Figure 2. Map highlighting four 100 m study reaches within the Gold Creek watershed
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Microhabitat Use Surveys
To examine microhabitat selection of YOY bull trout in Gold Creek, surveys were
conducted after dark between 1700 and 0300 hours from June through November 2015.
This work was conducted at night because previous research found it very difficult to
observe YOY bull trout during the day (Pratt 1992; Sexuaer 1994; Bonneau et al. 1995;
Polacek 1998) and suggested further research be done at night (Polacek 1998). This
research entailed 2-3 person crews hiking into the four study reaches and surveying
from the downstream end of the reaches to the upstream end. One observer wore a
full dry suit, snorkel and mask and snorkeled in a zigzag pattern upstream with a dive
light looking for YOY bull trout. The other 1-2 observers wore waders and were also
equipped with a dive light as well as a Plexiglas photarium, digital camera, ruler, net,
numbered fluorescent yellow washers and notebook. They walked upstream along the
banks surveying in the near-shore areas for YOY.
Upon finding a YOY bull trout, the closest observer attempted to watch the
behavior of the fish before disturbing it and making their presence known. Behaviors
were recorded as follows: hiding if YOY were found using some form of fish cover,
active if they were swimming about in the water column or resting if they were
stationary.
Next, to get an estimate of total length, the closest observer attempted to line
the fish up with a nearby object and measure the object with a ruler in mm, unless the
fish was sedentary enough to allow the ruler to be placed directly next to them for
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measurement. This length data was used to fulfill another objective of the study, which
was to examine YOY growth throughout the first year of development.
Following this, the bank observer placed a fluorescent washer at the focal point
(the exact location where the fish was first found) and recorded the washer number,
total length of the fish and behavior in the field notebook (Figure 3b). Observers also
endeavored to capture every fourth fish and to place them in the Plexiglas photarium
for photographs later used to examine their physical development over time (Figure 3a).
The photarium had an inset ruler to confirm some of the visual length estimations. No
anesthetics were used and the fish were quickly released after the photographs were
taken.

b)

a)

Figure 3. Photographs of young-of-the-year bull trout during microhabitat use surveys a)
in the Plexiglas photarium and b) on a fluorescent washer

After surveying each reach in its entirety, observers returned to each fluorescent
washer (starting at the downstream-most washer and working upstream) to collect
several different habitat predictors. Habitat predictors including stream depth, bottom
velocity and temperature were collected at the focal point. Bottom velocity was
measured using a Hach FH950.1 portable flow meter and temperature was measured
16

using a Digi-Sense Type K thermocouple thermometer. A second temperature point was
also taken in the thalweg of the stream adjacent to each focal point for comparison.
Additionally, researchers would record the distance from the focal point to the
nearest shoreline and visually estimate several other microhabitat parameters in a half
meter radius around the fish including percent substrate composition, presence of
various fish cover types and a substrate embeddedness rating (designated as 1-4).
Percent substrate composition was estimated using a modified Wentworth scale from
the Columbia River Habitat Monitoring Program’s Scientific Protocol for Salmonid
Habitat Surveys 2014 (hereafter referred to as the CHaMP Protocol). Fish cover types
included presence or absence of aquatic vegetation, undercut banks, woody debris, and
overhanging vegetation or live tree roots. The substrate embeddedness rating was
developed specifically for this study to quantify the abundance of space available to YOY
interstitially between substrate (Table 2).

Table 2. Substrate embeddedness rating descriptions
Level of Embeddedness
Description
Loose substrate -1
Semi-embedded - 2
Highly embedded - 3

Completely Embedded - 4

Coarse gravel or larger substrates are loosely stacked on
top of one another allowing for ample interstitial space
Substrate is still dominated by coarse gravel size or larger
but is semi-embedded by fines with less interstitial space
available
Larger substrate is mostly embedded by fines and/or sand
and little or no interstitial space is available
No interstitial space is available- dominant substrate is
either fine gravel size (or smaller) OR any larger substrates
are completely embedded by sands and/or fines
eliminating space between them
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Microhabitat Availability Surveys
To quantify the range of habitats available to YOY bull trout within each of the
four study reaches, habitat availability data was collected for the summer months
between July 31, 2015 and August 2, 2015 and from September 1, 2015 through
September 7, 2015 for the fall months. Habitat availability measurements were
systematically sampled by dividing each reach into 10 equally spaced transect lines with
the first transect line spanning the bottom of site. Four to six fluorescent washers were
evenly distributed at each of these transect lines. At each washer, the same
measurements that were collected during the microhabitat use surveys were recorded
including bottom velocity, stream depth and distance to shore. Additionally, I recorded
the presence or absence of fish cover types, a substrate embeddedness rating and visual
estimations of percent substrate composition within a half-meter radius around the
washer. These measurements were taken to quantify the range of habitats available
during low summer flows and elevated fall flows.
Temperature measurements were not collected during these availability surveys
because these surveys were conducted during the daytime. Thus, diurnal fluctuations in
temperature could make this information incompatible with the microhabitat use
temperature data collected at night. Therefore, I took a second temperature point in
the thalweg of the channel during microhabitat use surveys (as previously described) for
comparison.
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Reach Level Habitat Surveys
In addition to the microhabitat use and availability surveys, reach scale habitat
features were characterized within the four study reaches using the CHaMP Protocol
2014. Surveys included implementing a two-tiered hierarchical classification system to
delineate channel units within each study reach. Within each channel unit, visual
estimates of habitat attributes were collected including quantities and dimensions of
large woody debris (LWD) and particle size distribution measurements. Particle sizes
were measured using a gravelometer at eleven equally spaced points along 10 evenly
distributed transects within fast-water channel units. Additionally, a series of 20 equally
spaced transect lines were laid out within each of the four study reaches (modified from
21 transects described in the CHaMP protocol due to site length). At odd transect lines,
I estimated percent cover and vegetation types at canopy, understory and ground layers
of the riparian structure. In addition to the habitat metrics recorded using the CHaMP
Protocol, I used a methodology developed by the Washington State Department of
Ecology (Werner 2009) to estimate instream canopy cover using a densiometer at all
odd transects.

Statistical Analysis
Temperature and Growth
A one-way analysis of variance (ANOVA) was use to compare monthly
estimations of total length of fish and monthly temperature data. Post hoc pairwise
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comparisons between months for length and temperature data were made using
Tukey‘s honest significant difference (HSD) test.

Reach Level Habitat Structure
Reach level habitat structure for the four study reaches was summarized using
the data analysis methodology from the Scientific Protocol for Salmonid Habitat Surveys
within the Columbia Habitat Monitoring Program 2014.

Microhabitat Selection
Microhabitat use versus availability data were analyzed using both a univariate
analysis, Jacobs’ Index (Jacobs 1974), and a generalized linear mixed model (glmm) to
explore interactions between predictor variables.
Jacobs’ Index was calculated to determine the magnitude of selection for various
intervals of individual habitat variables using the following resource selection function
D=

r−p
r + p − 2rp

where r is the proportion of a given variable used by an organism, p is the proportion
available in the organism’s environment and D is Jacobs’ Index. This calculated index is
then associated with a certain magnitude of selection (see Table 3).
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Table 3. Magnitude of selection corresponding
to Jacobs’ Index values.
Jacobs’ Index (D)
-1.00 to -0.50
-0.49 to -0.26
-0.25 to +0.25
+0.26 to +0.49
+0.50 to +1.00

Magnitude of Selection
strong avoidance
moderate avoidance
neutral selection
moderate selection
strong selection

A generalized linear mixed model with a binomial distribution of error terms and
a logit-link function was also developed to model YOY bull trout presence as a function
of the various habitat predictors collected in this study. Reach was treated as a random
effect in the model to account for variability between the four study reaches and allow
the results of this analysis to be applicable to the entire Gold Creek YOY bull trout
population (Table 4). Available versus used habitats were coded as 0 and 1 respectively,
for a binary response variable.
Table 4. Variables examined in the generalized linear mixed model
to explain young-of-the-year microhabitat preference
Factor Levels
Response Variable
Microhabitat occupancy
Fixed Effects
Depth (cm)
Distance to Shore (cm)
Bottom Velocity (m·s-1)
Substrate embeddedness rating
Percent of Substrate Types (%)a
Fish Coverb
Random Effect
Stream Reach

2 (used = 1, available = 0)
Metric
Metric
Metric
4 (Rating of 1-4)
Metric
2 (present = 1, absent = 0)
4 (Reaches 1, 2, 3 and 4)

a

Boulder, Cobble, Coarse Gravel, Fine Gravel, Sand and Fines (see CHaMP 2014)
Aquatic Vegetation, Undercut Banks, Woody Debris and Overhanging Vegetation

b
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Table 4 displays the various habitat predictors examined in the model selection
procedure. Various fish cover types including overhanging and aquatic vegetation and
undercut banks were scarce throughout Gold Creek. Thus, the only fish cover type that
was included in the model selection procedure was woody debris because it was found
throughout all four study reaches. Bedrock was also removed from the dataset prior to
the model selection process because it was very infrequent throughout the study
reaches. Because of this, the percent substrate composition was not constrained to
sum to 100 percent.
Based on Cleveland dotplots and pairplots, I log-transformed several of the
predictor variables including velocity, depth, the distance of fish to the nearest shoreline
and the percentages of fines, sand, fine gravels and boulders to reduce skewness.
Collinearity between explanatory variables was assessed using pairwise scatterplots,
correlation coefficients and variance inflation factors (VIFs; Zuur et al. 2009).
Correlation coefficients and VIFs were within acceptable ranges (-0.6< r < 0.6 and VIF <
5), so no variables necessitated removal due to high collinearity (Zuur et al. 2009).
The glmer function from the ‘lme4’ package (Bates et al. 2015) in R (Version
3.2.3; R Core Team 2015) was applied and non-significant habitat predictors were
removed from the model through a backward stepwise selection procedure based on
Akaike’s Information Criterion (AIC). Partial regression plots and the R-package
influence.ME were used to look for influential data points affecting the glmm developed
by this model selection procedure. One outlier was removed due to high influence and
the backward stepwise selection procedure was continued, dropping an additional
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microhabitat variable (substrate embeddedness rating), until a final optimal model was
determined with the lowest AIC score. This model was used to evaluate the likelihood
of presence of YOY bull trout based on microhabitat predictors.
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CHAPTER IV
RESULTS
Emergence Timing and Growth
YOY bull trout were first observed in Gold Creek on 26 April 2015. Prior to this, I
returned to Gold Creek every few days during the month of April to approximate their
emergence timing. These fish emerged roughly seven months after redds were
constructed by spawning adult bull trout the previous fall.
Total length measurements were recorded from 8 May 2015 through 30
November 2015 using a combination of visual estimates and direct measurements of
fish. Average lengths ranged from 28.26 mm in May to 73.72 mm in November with an
average growth of ~45 mm over the duration of the study. Average lengths of YOY were
determined to be significantly different for consecutive months from May through
September (P<0.001; Tukey HSD post hoc test). However, growth tapered off for
September through November, when p-values indicated no significant statistical
differences for pairwise comparisons of average lengths between months (P>0.05;
Tukey HSD post hoc test). The total length histograms reveal substantial growth from
May to September and almost no growth from September on (Figure 4).
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May
n = 19

Number of Fish

June
n = 36

July
n = 76

August
n = 72

September
n = 61

October
n = 38

November
n = 22

Total Length (mm)
Figure 4. Total length histograms by month for young-of-the-year bull trout in Gold
Creek, WA
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For comparison, I examined relationships between monthly stream
temperatures to see if a relationship with growth was evident, as stream temperature
effects metabolism and growth of fish. A one-way ANOVA followed by a Tukey’s HSD
test showed no significant difference between summer monthly stream temperatures
for May through September (P>0.05; Tukey HSD post hoc test) when the water was
consistently warmer. However, significant differences were found for monthly fall
stream temperature from September through November (P<0.001; Tukey HSD post hoc
test). Temperature for this latter period was colder and declining (Figure 5).
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Figure 5. Monthly average stream temperature occupied by young-of-the-year (YOY)
and monthly average total length (mm) of YOY. Error bars represent ± 1 standard error.

26

Total Length (mm)

Temperature (°C)

60

Temperature Use
During the microhabitat use surveys, I collected stream temperature at the focal
points of individual fish with a thermocouple. In addition, I collected stream
temperature at a point adjacent to each fish in the thalweg of the channel for June
through September (Figure 6). Temperatures occupied by YOY overlap with the range of
temperatures seen in the portion of the channel with the majority of streamflow, with a
few outliers for YOY occupying areas of extreme high and low temperature for Gold
Creek. It did not appear that YOY selected for specific water temperatures relative to
what was available to them in the thalweg of the stream. Temperature within the four
study reaches never exceeded 14°C and appeared relatively homogenous based on the
temperature points I collected.
16
14

Temperature (°C)

12
10
8
6
4
2
0
Focal Point

Thalweg
Location

Figure 6. Comparison of temperatures occupied by young-of-the-year versus
temperatures available laterally in the thalweg of the channel for June-September 2015
27

Physical Characteristics of YOY Bull Trout
Throughout the study, I took photographs of YOY bull trout in a Plexiglas
photarium to examine the development of their physical markings throughout the first
few seasons post-emergence (Figures 7 and 8). Soon after their emergence, I observed
the parr marks of these YOY were very dark and irregular in shape. The spacing
between parr marks appeared to be less than the width of the parr marks themselves
(although no morphometric analysis was completed). Their dorsal regions were a dark
mottled color and they had a black, almost triangular marking on their caudal fin.
As the summer progressed, the body color of YOY lightened and the dark
speckling became less apparent. The parr marks continued to expand and become less
noticeable as they blended into the overall body color and the triangular marking on the
caudal fin faded. From the end of July on I began to see the development of the
characteristic lighter spotting of a char. When this spotting first developed, the dorsal
region of these YOY bull trout looked similar to the vermiculations on the dorsal area of
an Eastern Brook Trout (Salvelinus fontinalis). However, their dorsal fins were clear of
any markings. Throughout the rest of the study this lighter spotting evolved to become
more defined and rounded and these vermiculation-like markings disappeared. The
following photographs demonstrate the progression of these characteristics throughout
the summer and fall of their first year of development (Figures 7-9).
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Figure 7. Photographs of young-of-the-year bull trout in the Plexiglas photarium from May-October 2015 in Gold Creek, WA: a) 17
May, TL = 25 mm b) 10 June, TL = 35 mm c) 6 July, TL = 55 mm d) 25 August, TL = 60 mm e) 7 September, TL = 64 mm and f) 20
October, TL = 76 mm
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Figure 8. Dorsal overview photographs of young-of-the-year bull trout from July, September and November 2015 demonstrating the
progression of their characteristic lighter spotting
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Figure 9. Photographs of young-of-the-year in their natal habitats: a) 8 May, b) 10 August, c) 7 September and d) 20 October
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Behavioral Observations
From the time of emergence in April until mid-June, YOY hid under individual
pieces of substrate (gravel to cobble size with a b-axis of 32-356 mm). Thereafter, most
fish were observed resting in the open on the stream bottom, even as I continued to flip
rocks. They were rarely observed moving about or hiding. In contrast, cutthroat trout
(Oncorhynchus clarkii) YOY were much more active and were observed higher up in the
water column. They seemed to withstand stronger velocities of water and were flightier
in response to our presence than were bull trout. When disturbed, YOY bull trout would
often seek immediate cover nearby, and then later move back to their original location.

Reach Level Habitat Surveys
To examine differences between the four study reaches, information on reach
level habitat structure collected under the CHaMP Protocol was summarized. The four
reaches in this study had diverse habitat features as can be seen in the following
photographs (Figure 10).
Reach 1 was the most sinuous of all the reaches and contained the highest
diversity of channel units with several large deep pools interspersed between riffles and
a single non-turbulent unit (more commonly referred to as a run). It had the second
highest densities of large woody debris (wood with a b-axis diameter ≥ 10 cm and ≥ 1 m
in length, hereafter referred to as LWD) and a moderate amount of instream canopy
cover compared to the other three reaches.
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a)

b)

c)

d)

Figure 10. Photographs of study reaches: a) reach 1, b) reach 2, c) reach 3 and d) reach 4

The second study site, Reach 2, was the most confined and was a straighter
section of stream channel with the highest instream canopy cover of any study reach. It
was comprised of a long riffle unit, a long scour pool resulting from some large boulders
and bedrock and a short rapid unit. It had the lowest densities of LWD, with almost no
measurable LWD in the wetted channel.
The third study reach was located downstream of the site of an avalanche that
occurred in 2008, causing a landslide that removed most of the mature forest and
deposited it within the stream channel. Therefore, this reach had extremely high
densities of LWD in the bankfull and wetted channels compared to all other study
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reaches. This wood seemingly acted to create a network of shallow interconnected
riffles with two small scour pools interspersed. Due to the landslide, this reach had the
lowest riparian and instream canopy cover. Most of the riparian vegetation within
reach 3 was deciduous understory cover and ground cover. Without this riparian
structure, this reach was much more alluvial in nature, although still within the confines
of the valley.
The fourth reach was relatively straight and highly confined, with very little
channel complexity. It was comprised almost entirely of a shallow riffle unit, except for
a channel-spanning log, mid-reach, that impounded water upstream and created an
undercut and scour pool downstream. Several boulders interspersed throughout the
riffle unit also acted to slow water on their downstream end, creating small pockets of
low velocity water. This section of stream had comparable amounts of canopy cover
with reaches 1 and 2. It also had the second lowest amount of LWD of the four study
reaches, the lack of which likely resulted in the low instream habitat complexity
observed in this reach.
The four study reaches were similar with regards to their substrate composition
and riparian vegetation types. All four study locations had D16 particle sizes classified in
the coarse gravel category (b-axis of 32-64 mm), D50 particle sizes in the large cobble
category ((b-axis of 128-154 mm) and D84 particle sizes in the small boulder category
((b-axis of 256-362 mm). The primary vegetation of the understory and canopy within
the four study sites included deciduous vegetation such as willow, alder, maple, devils
club and coniferous vegetation including a mixture of Douglas Fir, true fir, cedar, spruce
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and hemlock. Additionally, these reaches all had low amounts of undercut banks and
overhanging vegetation, especially during low summer flows. Appendix A contains
tables and figures summarizing reach level habitat survey data collected for the four
study reaches.
Discharge within the four study reaches ranged from <0.02 m3·s-1 (at which point
it was immeasurable with traditional methods) in early August to 1.58 m3·s-1 in midOctober during sampling. However, in late October and November flows exceeded this
range during three periods of high precipitation, falling mostly as rain, which changed
the stream channel significantly. Because of this, microhabitat use data collected
throughout November was not used in the final analysis of microhabitat selection, as
the habitat available to these YOY changed considerably after these incidents.
Within the four study reaches, reaches 3 and 4 had the highest densities of YOY
throughout most of the study (Figure 11). Due to its alluvial nature, reach 3 was greatly
affected by high flows around the 31 of October, which may explain the low densities of
YOY in this reach for November. Reaches 3 and 4 were characterized by ample shallow
riffle habitat and small pocket pools with laminar, low velocity flow. In contrast, reaches
1 and 2 were comprised of larger scour pools and less shallow, low velocity habitat.
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Figure 11. Young-of-the-year densities/100 m within study reaches 1-4

Microhabitat Selection: Jacobs’ Index of Electivity
Jacobs’ indices were calculated to determine the magnitude of selection for
various intervals of each habitat predictor. The following tables display these
magnitudes of selection, indicated by ++ for strong selection, + for moderate selection, 0
for neutrality, - for moderate avoidance and - - for strong avoidance. Asterisks indicate
a lack of data for a given interval of a habitat predictor. In addition, histograms for
these habitat predictors visually illustrate habitat preferences.
For the first variable presented, depth, Jacobs’ indices demonstrate that YOY
display a strong preference for shallow water <10 cm during the summer and avoid
deeper water. In the fall, this preference for the shallowest water (<10 cm) is moderate
and they are neutral to slightly deeper waters up to 30 cm, possibly indicating a
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seasonal shift in preference (Table 5). This shift is also evident looking at the frequency
histograms for depth for the summer versus the fall (Figures 12 and 13).

Table 5. Jacobs’ Index of Electivity (D) for various intervals of water depth in the
summer and fall
Season
Depth (m)
0.00- 0.11- 0.21- 0.31- 0.41- 0.51- 0.61- 0.710.10
20
0.30
0.40
0.50
0.60
0.70
0.80

0.810.90

Summer

++

-

--

--

--

--

--

--

*

Fall

+

0

0

-

--

--

--

--

--

160
140

Frequency

120
100
80

summer use

60

summer available

40
20
0
0-10

11-20

21-30

31-40 41-50 52-60
Depth (cm)

61-70

71-80

81-90

Figure 12. Frequency of depths occupied by young-of-the-year versus depths available
in the summer
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Figure 13. Frequency of depths occupied by young-of-the-year versus depths available
in the fall

The Jacobs’ Index values for velocity indicate that YOY strongly prefer low
velocity water <0.05 m·s-1 in both the summer and fall months (Table 6, Figures 14 and
15) and avoid water with velocities ≥0.06 m·s-1. Within the 0.21-0.25 m·s-1 velocity
range, a 0 during summer indicates neutral selection; this is likely owing to having very
few availability points in this range and a single use point found in this range. This point
could be an outlier resulting from measurement error as it can be difficult to obtain
velocity measurements at focal locations for bull trout, which are most often along the
streambed in close association with substrate.
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Table 6. Jacobs’ Index of Electivity (D) for various intervals of bottom velocity in the
summer and fall
Season
Velocity (m·s-1)
0.00- 0.06- 0.11- 0.16- 0.21- 0.26- 0.31- 0.36- 0.41- 0.460.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50 >0.51

Summer ++
Fall
++

-

--

--

0

--

--

--

--

--

--

-

--

--

--

--

--

--

--

--

--

180
160

140
Frequency

120
100
80
summer use

60

summer available

40
20
0

Velocity (m·s-1)

Figure 14. Frequency of velocities occupied by young-of-the-year versus velocities
available in the summer
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Figure 15. Frequency of velocities occupied by young-of-the-year versus velocities
available in the fall

Jacobs’ indices for the substrate embeddedness ratings proved to validate the
selection indices for substrate composition and vice versa. The substrate
embeddedness rating is a measure of the amount of space available interstitially
between substrate where a 1 indicates ample space between loosely stacked particles
and a 4 represents completely embedded substrate with no space between particles.
Thus, substrates like sand and fines have a substrate embeddedness rating of 4. In
keeping with this, the selection indices show that YOY prefer more compacted substrate
with substrate embeddedness ratings of 3 or 4 (Table 7) and have the highest
preferences for sand and fines (Table 8).
In the summer, YOY also demonstrated moderate selection for fine gravel, which
generally has little or no interstitial space, and coarse gravel, which usually has more
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moderate levels of interstitial space. However, as previously mentioned, I observed that
during the first few weeks post-emergence, YOY used substrate for cover. This
observation might account for their selection toward slightly larger, less embedded
substrate during the summer.
Again, there is an unexpected 0 indicating neutral selection for bedrock. This
substrate type was only found in one of the four study reaches and because of its low
availability, a few use data points for bedrock might have skewed selection towards
positive preference. Overall, however, these two measures indicated YOY used areas
with finer substrates and little or no interstitial space relative to what was available to
them.

Table 7. Jacobs’ Index of Electivity for substrate embeddedness (rating of 1-4) in
summer and fall where 1 = loosely stacked substrate and 4 = completely embedded
substrate
Season
Interstitial Space
1
2
3
4
Summer
Fall

-

0
0

++
0

++
++

Table 8. Jacobs’ Index of Electivity for substrate type in summer and fall where F = fines,
S = sand, FG = fine gravel, CG = coarse gravel, B = Boulder and BR = Bedrock
Season
Substrate Type
F
S
FG
CG
C
B
BR
Summer
Fall

++
++

++
++

+
+

+
0

-

-

0
--

I was not able to calculate Jacobs’ Indices for distance to the nearest shoreline
using the Jacobs’ Index analysis because I was not able to accurately quantify the range
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of available distances to shore. Therefore, I examined trends in preference with a
histogram showing the frequency of distances to shore occupied by YOY during the
summer versus the fall (Figure 16). In both seasons YOY tended to occupy near-shore
areas, with frequencies of YOY declining the greater the distance laterally from the
shoreline. When cross-referenced with other habitat predictors, most of the points
occupied at larger distances from the shoreline were still shallow areas characterized by
low velocity water.
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Figure 16. Histogram of the frequency of distances to the nearest shoreline occupied by
young-of-the-year bull trout for summer versus fall

Microhabitat Selection: Generalized Linear Mixed Model
A generalized linear mixed-model was used to model YOY bull trout presence as
a function of the various habitat predictors collected in this study, with a binomial
distribution of error terms. Reach was treated as a random effect in the model to allow
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results to be applicable to the entire Gold Creek YOY bull trout population. I made a
total of 289 observations of YOY microhabitat use and 400 observations of microhabitat
availability within the four study reaches. Table 9 summarizes the output from the
optimal model with the lowest AIC score. Bottom water velocity was highly significant
in the model and was found to have a negative relationship with YOY bull trout presence
(Figure 17). Probability of YOY bull trout presence also decreased with increasing
distance to the nearest shoreline and percentages of boulders and cobbles
present. However, probability of YOY presence was found to increase with increasing
percentage of fines present (Figure 18). There was also a unique interaction in the
model between depth and season; YOY selected for very shallow water throughout the
summer months and then in the fall, they occupied a wider range of depths, indicating a
shift in preference (Figures 19 and 20). Graphical outputs displaying the response
variable as a function of individual habitat predictors for the remainder of the
microhabitat parameters can be found in Appendix B.

Table 9. Habitat predictors retained in the final GLMM predicting probability of
young-of-the-year bull trout presence
Parameter

Estimate

SE

Z

P

Intercept
Log Velocity
Log Depth
Log Distance to Shore
Log Percent Fines
Percent Cobbles
Log Percent Boulders
Season
Log Depth x Season

-1.247
-2.676
-0.193
-0.650
2.065
-0.741
-0.282
0.686
-1.095

0.263
0.386
0.208
0.146
0.627
0.138
0.125
0.244
0.309

-4.740
-6.933
-0.927
-4.446
3.291
-5.364
-2.267
2.812
-3.544

<0.001
<0.001
0.354
<0.001
<0.001
<0.001
0.023
0.005
<0.001
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Figure 17. Probability of presence of young-of-the-year as a function of bottom velocity
(m·s-1)

Figure 18. Probability of presence of young-of-the-year as a function of the percentage
of fines (b-axis of <0.06 mm) present
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Figure 19. Probability of presence of young-of-the-year as a function of depth (cm)
during summer months

Figure 20. Probability of presence of young-of-the-year as a function of depth (cm)
during fall months
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Dewatering and Fish Entrapment
GPS data demonstrated that dewatering occurred from the confluence of Gold
Creek with the pond outlet channel upstream ~2.78 km and in three additional sections
between the third study reach and barrier falls totaling ~0.43 km of stream (Figure 21).
In between these upper dewatered reaches, flow was intermittent and very low
throughout the summer, but still accessible to YOY, which can exist in very shallow
water. Throughout the dewatered reaches, I observed numerous entrapments, isolated
pools with no observable flow, where YOY were found to be the most abundant age
classes for both bull trout and cutthroat. I also observed entrapment of fish in isolated
pools within the study reaches, as water levels receded in the summer months.
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Figure 21. Map highlighting dewatering of Gold Creek (in red) in August 2015.
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CHAPTER V
DISCUSSION
Suitable rearing habitat is crucial for the survival and recruitment of YOY bull
trout. Here I report on the selection of YOY bull trout for specific habitat types. If these
habitat types are lacking in bull trout spawning tributaries, it is possible that limited
rearing habitat may indeed act as an ecological bottleneck at this early life stage as
McPhail and Murray (1979) proposed.
The study described here was the first attempt to use an advanced modeling
approach to examine the microhabitat selection of YOY for different habitat types with
data characterizing used versus available habitats. Over the summer and fall of 2015 I
made 326 observations on YOY bull trout growth and development, 289 of which
included observations of microhabitat use, and an additional 400 observations of
microhabitat availability. Results demonstrated that these age-0 bull trout use very
specific habitats relative to what is available to them. This information on YOY habitat
selection is very useful in identifying streams with limited rearing habitat or in
enhancing habitat through restoration for YOY bull trout. I was also successful in
observing unique information on the growth, behavior and physical characteristics of
these fish throughout the first summer and fall of development.

Emergence Timing
I first observed YOY in Gold Creek on the 26 of April. Several studies have
reported that they have observed YOY bull trout emerging between mid-April and mid-
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May (McPhail and Murray 1979; Fraley and Shepard 1989; Allan 1990; Ratliff 1992). It
has been found to take 634 temperature units or alternatively 223 days from egg
deposition for YOY to emerge from the gravel (Shepard et al. 1984). This time-toemergence is exceptionally long for bull trout compared with other salmonid species.
Some biologists have conjectured that it may be a tactic allowing YOY to emerge when
they are larger and have higher likelihood of survival (Shepard et al. 1984). The Gold
Creek bull trout population has been observed to spawn from early September through
mid-October (Reiss et al. 2012). Gold Creek YOY were found ~7 months or roughly 210
days after redd construction, towards the end of April. Thus, my results on emergence
timing were comparable with previous studies in the literature.

Growth
Soon after emergence, YOY in Gold Creek were found to have mean total lengths
of ~28mm in May. Several studies have reported newly emerged YOY with total lengths
ranging from 22-30 mm (McPhail and Murray 1979; Shepard et al. 1984; Ratliff 1992;
Polacek 1998). I observed YOY growing an average of ~45 mm from May throughout
November with an average length of ~74 mm by November 2015. These results were
comparable with previous studies and were on the upper end of growth observed for
YOY over a similar time period (McPhail and Murray 1979; Ratliff 1992; Polacek 1998).
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Temperature
With increasing temperature, metabolic costs for fish grow exponentially and
reductions in food intake can cause decreased abilities to withstand competition and
disease in fish (Wedemeyer and McLeay 1981). Bull trout usually do not inhabit streams
with summer temperatures above 15 degrees Celsius (Pratt 1984; Fraley and Shepard
1989; Saffel and Scarnecchia 1995). However, there may be differences in optimal
temperatures with life stages (Dunham et al. 2008). Quinn (2005) proposed that
juvenile salmonids might move to warmer areas than their older counterparts where
they can achieve faster growth rates. Selong et al. 2001 demonstrated that YOY bull
trout exhibited peak growth at an optimum of 13.2 ˚C under laboratory conditions.
The study described here suggested a relationship between temperature and
growth, where growth was fastest when water temperature was warmest during the
summer months and later slowed, conceivably because water temperatures dropped off
significantly in the fall months and the fish’s metabolism slowed. These results on YOY
growth were similar to those demonstrated by a previous study (Polacek 1998).
However, this data was inconclusive as to whether YOY bull trout actively seek out
specific water temperatures relative to what is available in their natal habitats. All four
study reaches seemed to be relatively homogenous and cold, and temperatures did not
appear to be a limiting factor determining YOY distribution. However, downstream of
the study sites in the section between the Gold Creek pond outlet channel downstream
to the reservoir, summer maximum temperatures exceeded 20°C and mean daily
temperatures exceeded 15°C for much of July and August in 2015 (personal
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communication with William Ehinger, USFS), which can be very detrimental to thermally
sensitive bull trout. This may explain why I observed few bull trout of any age class in
these lower reaches of Gold Creek. Further investigations are needed to determine if
YOY select for different temperatures than do older cohorts of juvenile bull trout.

Physical Characteristics
The observations and photographs characterizing the physical development of
YOY from this study expand the current body of literature. Other studies have briefly
mentioned that YOY are dark upon emergence with a black triangular marking on their
caudal fin and lighten in body color as they develop (McPhail and Murray 1979; McPhail
and Baxter 1996; Saffel and Scarnecchia 1995). Previous literature described the
development of bull trout embryos and larvae through the absorption of the yolk sac
(Gould 1987) and there is ample literature describing the physical characteristics of
subadult and adult bull trout (Cavender 1978; Haas and McPhail 1991; Nitychoruk et al.
2013). However, there is little information to be found anywhere on how to identify
these fish post-emergence throughout the YOY life stage when they are changing
rapidly. Some of the diagnostic features I observed early on for these fish included their
mottled coloring and irregularly shaped parr marks. Additionally, their lighter spotting
became evident towards the end of the summer. Description of these diagnostic
features for YOY bull trout will hopefully help other researchers to identify them during
stream surveys.
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Behavioral Observations
I have found some evidence in the literature corroborating the unique behaviors
I observed by YOY. YOY were found to occupy focal positions that they would return to
even after they were disturbed by an observer, which has been reported by previous
studies (McPhail and Murray 1979; Polacek 1998). McPhail and Murray (1979) found
that intruders may attempt to invade these focal locations while YOY are away feeding.
In this case, they observed YOY that originally occupied the position moving upstream of
the focal location and drifting downstream to evict the intruder, occasionally in an
aggressive manner (McPhail and Murray 1979). Thus, these fish occupy distinct focal
areas and appear to be territorial.
My observation of YOY remaining hidden underneath substrate from emergence
at the end of April through mid-June was also similar to another observation by McPhail
and Murray (1979) where they witnessed YOY remaining within the gravel for 3 weeks
post-emergence in a lab setting. McPhail and Murray (1979) reported that during this
time, YOY were found to inflate their swim bladders and they conjectured that this
might be an adaptation inhibiting them from accidentally being swept downstream until
they were of size to occupy a feeding site. This would likely help YOY conserve energy
and avoid predation during this vulnerable stage of development. Other studies have
also reported turning individual pieces of substrate to locate small bull trout <100 mm
(Pratt 1984; Shepard et al. 1984; Polacek 1998), which is the only technique I found
successful to find these YOY until mid-June.
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When I observed YOY away from cover, I almost always observed them in close
association with the substrate, unlike other YOY salmonids such as cutthroat that were
observed swimming higher up in the water column. This strong association with the
benthos has been noted for older cohorts of juvenile bull trout as well (Goetz 1989;
Pratt 1984).

Microhabitat Selection
For analysis of YOY microhabitat selection I used Jacobs’ Index (Jacobs 1974) as a
tool for preliminary investigation of habitat preference. Following this, I developed a
generalized linear mixed model (GLMM) to further explore habitat selection and to
examine interactions between habitat predictors. This type of analysis can incorporate
random effects (i.e. variability in time and space) that account for hierarchal sampling,
such as sampling within randomly-selected reaches. Incorporating these random effects
can also allow you to apply the results beyond the study sample (e.g., to all reaches
within the stream; Bolker et al. 2009).
The results from the univariate Jacob’s Selection Indices were corroborated by
the generalized linear mixed model developed to determine the probability of YOY bull
trout presence from the various habitat predictors collected. Overall, velocity appeared
to be the ultimate predictor of where I found these YOY bull trout throughout the
summer and fall, with most YOY found in areas with water velocities near 0 m·s-1. YOY
were occasionally found in mid-channel areas with larger substrates. However, these
areas were still characterized by shallow, low velocity water. Velocity was highly
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significant in the optimal model generated and the Jacob’s Indices demonstrated strong
selection for velocities between 0-0.05 m·s-1 and moderate to strong avoidance for
anything ≥0.06 m·s-1. Occupation of this low velocity water is logical, given that it takes
several weeks for YOY to develop their swim bladders post-emergence and even after
that they have limited mobility owing to their small size and energetic costs associated
with dispersal. Previous studies have demonstrated that bull trout occupy low velocity
areas across age classes (Sexauer and James 1997; Thurow 1997; Muhlfeld et al. 2003;
Muhlfeld and Marotz 2005; Jakober 1995; Banish 2003; Al-Chokhachy and Budy 2007)
and have been shown to have low critical swimming velocities compared with other
salmonids (Mesa et al. 2004). One study (Al-Chokhachy and Budy 2007) suggested that
the use of these low velocity habitats and strong association with cover indicate their
behavioral strategy as an ambush predator.
The Jacob’s indices also indicated strong selection for shallow water with depths
<10 cm in the summer months. Previous studies have speculated that this is a means to
avoid being preyed upon by larger fish that exist in deeper waters, including conspecifics
(Spangler and Scarnecchia 2001). Older bull trout as little as 65 mm have been shown to
cannibalize smaller conspecifics (James 1997). In the fall, Jacobs’ indices indicated a
deviation from this selection for very shallow water, with moderate selection by YOY for
depths <10 cm and neutrality for depths between 11-30 cm. This was supported by the
glmm, which revealed a significant interaction between depth and season. As these fish
grow, they become more mobile and may be less likely to be preyed upon because of
their increased size. Spangler and Scarnecchia (2001) observed bull trout <66 mm made
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a similar switch in a tributary to the South Fork Clearwater in Idaho, where they selected
for a mean depth of 0.05 m in the summer and a mean depth of 0.19 m in the fall. Thus,
it appears that early on, very shallow water is important for YOY bull trout, but as they
grow, they are able to occupy deeper water.
In keeping with the selection for shallow, low velocity habitats, distance of YOY
to the nearest shoreline was also found to be highly significant in the GLMM indicating
that there is less likelihood of YOY presence the further the distance laterally from the
shoreline. Selection for these near-shore habitats is logical given that they are often
places of shallow, low velocity water. Moore and Gregory (1988) also demonstrated
that lateral habitats in three different third order Cascade mountain streams had high
densities of chironomids, microinvertebrates and other detritivores. James (1997)
dissected the stomachs of six YOY bull trout ranging from 20-28 mm in length from
Indian Creek, WA, which were predominately made up of one class of
microinvertebrate: ostracods. Thus, these near-shore habitats may function to protect
YOY from streamflows and predators while providing foraging opportunities.
Because of their selection for these near-shore habitats, I observed most of the
YOY during sampling by walking along the streambanks at night with a dive light.
Previous studies examining juvenile bull trout habitat selection have often used
snorkeling as the primary method to locate fish (Al-Chokhachy et al. 2010). While I did
find a few YOY employing traditional snorkeling methods, I mostly observed older age
classes of bull trout using this approach. This is because YOY occupy water that is often
too shallow to be examined via snorkeling. Thus, future studies examining juvenile
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densities of bull trout should employ the methods used here in addition to snorkeling to
include estimates for the YOY age class.
In addition, the GLMM demonstrated that the probability of YOY was likely to
increase with the presence of fines and decrease with the presence of cobbles and
boulders, which was supported by results from the Jacobs’ indices. Previous studies
have documented YOY bull trout utilizing the interstitial spaces of large substrate as a
form of cover (Shepard et al. 1984; Polacek 1998; Thurow 1997). Therefore, I expected
that YOY would select for larger substrate types including cobbles and boulders. I did
observe YOY utilizing cobble and coarse gravel size substrate as cover on occasion,
especially during the first few weeks post-emergence, or if I startled them and they
sought refuge. However, overall, these fish occupied areas of smaller substrates
including sands, fines and fine gravels. Larger substrates such as coarse gravels, cobbles
or boulders may be more important to YOY during the daytime, when cover may be
used more to evade predators. Previous studies have demonstrated diel shifts where
older cohorts of juvenile bull trout (age-1+) utilize cover more often during the day and
are found feeding and resting on the stream bottom during hours of darkness (Thurow
1997; Al-Chokhachy et al. 2010).
However, one prior study (Polacek 1998) also found YOY bull trout associated
with smaller substrates such as silt, sand and gravel both day and night, with no
significant differences in diversity indices. Another possible explanation is that fines are
usually located in the margins of the stream, whereas larger, heavier substrates that can
withstand heavy flows usually exist in the thalweg of the channel. Shepard et al. (1984)
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studied the habitat use of juvenile bull trout <100 m and found that the highest
densities of fish were found in reaches predominated by gravel and cobble. However,
they reported that at the microhabitat level, the fish were observed directly above
smaller substrates such as silt and sand. The study observed that these finer substrates
had often accumulated downstream of water velocity obstructions, including larger
substrate (Shepard et al. 1984). Thus, selection for fines may also be an artifact of their
selection for these shallow, low velocity habitats as these variables are interdependent.
Additionally, I collected information on the presence of various fish cover types
at the microhabitat level including aquatic and overhanging vegetation, undercut banks
and woody debris. Most of these cover types were very limited throughout Gold Creek,
but woody debris was relatively abundant and was included in the model selection
process. Woody debris was not found to be a statistically significant habitat predictor.
However, further investigation is needed to determine if this cover type might be used
more during the daytime, when the threat of predation may be greater.

Reach Level Habitat Comparisons
Overall, at the reach level, reaches 3 and 4 were found to have the highest
densities of YOY bull trout. All four of the study reaches had bull trout redds <1 km
upstream of them and reaches 1, 2 and 4 all had redds found within them in 2014. I
believe reach 3 had some of the highest densities of YOY because of its complexity of
habitat created by the large volume of wood deposited in the stream channel after an
avalanche in 2008. This stream section had a variety of small side channel pocket-pool
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habitats within a matrix of riffle habitat, which seemed to have been facilitated by this
dense LWD. Due to their small size, these pools did not qualify as individual channel
units for the reach level CHaMP surveys, so they are not reflected in that data.
However, I observed that these shallow basins, characterized by more laminar, low
velocity flows and a mixture of fines, detritus and woody debris, seemed to provide
refuge from older predators and flows. Reach 4 also had very high densities of YOY
relative to the other study locations. This site did not have as much habitat complexity
to offer, as it was a relatively straight channel with low amounts of LWD. I believe that
this reach was likely selected for by YOY overall because of its ample low velocity
habitat, facilitated by various velocity obstructions including boulder substrate and a
single channel-spanning log. Thus, both reaches 3 and 4 offered abundant shallow, low
velocity habitat removed from deeper pools where larger predatory fish were found.
Reaches 1 and 2 had much lower densities of YOY throughout the summer and
fall compared to reaches 3 and 4. Reach 1 had complexity of habitat units, high
sinuosity and several very large pools with ample LWD. However, along with these
pools, I consistently observed higher densities of older bull trout and cutthroat trout.
Additionally, there was less low velocity margin habitat protected from these pools
relative to reaches 3 and 4. Thus, a combination of less suitable microhabitat and a
higher density of predators might make this reach uninviting for YOY bull trout.
Additionally, reach 2 was similar in that it had less low velocity habitat compared to
reaches 3 and 4. It also had the least complexity and LWD of any of the four study
reaches. Therefore, I again hypothesize that low densities of YOY in reach 2 resulted
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from a lack of low velocity habitat away from these deeper channel units occupied by
larger predatory fish.

Implications of Habitat Selection in a Changing Climate
Washington State experienced a drought summer in 2015. Within Gold Creek, I
documented several kilometers of dewatered habitat and enumerated several dozen
fish, predominately made up of YOY bull trout and cutthroat trout, that were entrapped
within pools in dewatered stream reaches. This dewatering and entrapment of fish has
been documented to occur in Gold Creek for several decades. Wissmar and Craig (1997)
documented that 63% of post-spawn adults in Gold Creek perished in 1993 due to
stranding events in dewatered reaches and an additional 24% in 1994. Spawning
populations for these years were estimated to be 24 and 29 fish respectively. Meyer
(2002) studied stranding and entrapment of fish within the dewatered area in Gold
Creek in 2000 and reported numerous fish entrapped within isolated pools, among
which bull trout, brook trout and cutthroat YOY were the most abundant age class. Low
flows or dewatering in streams during the summer months may cause YOY to be
stranded because they select for shallow, low velocity areas, even as the water
continues to drop (McPhail and Baxter 1996). McPhail and Murray 1979 described two
“bottlenecks” for salmonids: reproduction and mortality of fry. Dewatering in Gold
Creek restricts bull trout production at both life stages.
Projections of various climate models for the Pacific Northwest and for
Washington have indicated more extreme seasonal variation in the precipitation cycle
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(Littell et al. 2009). Within Washington State, rivers are fed predominately by seasonal
rainfall at lower elevations and snowmelt at higher elevations (Mantua et al. 2009).
Transient watersheds such as Gold Creek usually experience two peaks in the
hydrograph comprised of both cool-season rainfall and spring snowmelt. These
watersheds are common in areas where mid-winter temperatures oscillate around 0°C,
usually at mid-elevations of the Cascade and Rocky Mountains (Tohver et al. 2014).
Hydrologic modeling for Washington State by Mantua et al. (2009) indicates that
transient watersheds like Gold Creek are most sensitive to changing climatic conditions
in comparison to snowmelt or rainfall dominant basins. These modeling approaches
predict that several historically transient watersheds throughout Washington, including
the Yakima Basin, will shift toward an entirely rainfall-driven activity by the 2080s. With
this transition, these systems will experience more severe hydrological regimes
including reductions in low summer streamflow, as well as increased magnitude and
frequency of winter flooding (Mantua et al. 2009; Tohver et al. 2014). More erratic flow
regimes will likely prove detrimental to YOY bull trout, which are vulnerable to extreme
fluctuations in streamflow. Therefore, complexity of instream habitat to create offchannel rearing areas more protected from streamflows will be crucial for these early
life stages, especially in the face of climate change.
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Persistence of Gold Creek Bull Trout
Based on the results of this study and general observations at Gold Creek, I
would suggest several different measures to help restore the Gold Creek bull trout
population and to help them succeed in the face of a changing climate. At the
microhabitat and reach level, instream restoration in the lower 3 miles of stream is
crucial. It is important to have deeper pools, which have been shown to be favorable
for age-1+ bull trout and shallow, low velocity water away from predators and heavy
flows for YOY bull trout. Wood enhancement has been shown to have several functions
including creating pools, trapping sediment (especially for spawning), stabilizing
channels and supplying both food for aquatic invertebrates and stream nutrients (Bisson
et al. 1987). It has also been shown to be successful in recruiting other woody debris,
which can be utilized by fish as a form of cover (Riley and Fausch 1995).
However, for the Gold Creek bull trout population, improving perennial
streamflow and facilitating connectivity to off-channel habitats are even more critical
than these instream habitat improvements. Restoring perennial streamflow will open
up an additional 4.8+ km of habitat for these rearing YOY. Currently YOY emerge at the
end of April from their redds, which are usually located above the seasonally dewatered
stretch that goes dry between June and August. Therefore, YOY have little opportunity
to disperse downstream of the dewatering. Furthermore, if restoration efforts are
successful in eliminating dewatering in the lower reaches, stranding and entrapment
events will be greatly reduced in Gold Creek. Although the importance of connectivity
for fish is evident for migrating adults and more mobile age-1+ juveniles, it is also
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imperative for YOY, even with their limited mobility. Connectivity is imperative between
off-channel and side-channel areas utilized by YOY and mainstem streams to prevent
YOY from becoming entrapped and susceptible to other ecological threats.
The Washington State Department of Transportation (WSDOT) is already
working to improve connectivity on a larger scale, for several tributaries to Keechelus
Lake. WSDOT has been working to replace a series of culverts and bridges where these
streams traverse underneath I-90 to restore gradient to appropriate levels at these
crossing structures to facilitate connectivity for fish with the reservoir. If perennial
streamflow between the lake and Gold Creek is improved, bull trout juveniles may be
able to utilize some of these smaller tributaries. Bull trout juveniles, presumably from
the Gold Creek population, have already been found straying into some of these
tributaries (personal communication with Paul James, Central Washington University).
Therefore, continued improvement of connectivity between these habitats will help to
open up even more rearing habitat for Gold Creek bull trout.
However, while making these habitat improvements may facilitate their success
short-term, these bull trout will be unsuccessful if sweeping improvements are not
implemented at the landscape scale. It is obvious that YOY are extremely susceptible to
dewatering events in the summer months coupled with high flows in the fall and winter
months. They are likely more vulnerable than older age classes of bull trout, which are
more mobile and less susceptible to predation. Thus, recruitment to older age classes
(1+) for bull trout could be limited by a bottleneck occurring at this YOY life stage. In
addition, with low summer flows, other age classes of bull trout are entrapped and
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become susceptible to mortality due to predation, increasing temperatures and
stranding events. With limited connectivity and stranding and entrapment due to
dewatering, these Gold Creek bull trout are already prone to population declines. In
addition to their limited abundance, they face degraded habitat and high stream
temperatures in the lower portions of Gold Creek, invasive fish species such as eastern
brook trout and native predatory fish such as burbot and northern pikeminnow. These
factors all work in conjunction to the detriment of this population.
The results of this study can be applied to assess the quantity of suitable rearing
habitat in Gold Creek and other bull trout spawning tributaries. Additionally, it can help
inform habitat restoration actions aimed at the YOY age class. With restoration of
habitat and connectivity at localized and landscape scales, I believe that the Gold Creek
bull trout population will have a much greater opportunity to endure in the face of
changing climate conditions.
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APPENDICES
APPENDIX A
ADDITIONAL REACH LEVEL HABITAT SURVEY DATA

Table A1. Channel unit classification by reach
Reach Channel Unit #
Tier 1 Classification
1
1
Slow Water/Pool
1
2
Fast Water Turbulent
1
3
Slow Water/Pool
1
4
Slow Water/Pool
1
5
Fast Water Turbulent
1
6
Fast Water Non-Turbulent
1
7
Slow Water/Pool
2
1
Fast Water Turbulent
2
2
Slow Water/Pool
2
3
Fast Water Turbulent
3
1
Slow Water/Pool
3
2
Fast Water Turbulent
3
3
Slow Water/Pool
4
1
Fast Water Turbulent
4
2
Slow Water/Pool
4
3
Fast Water Turbulent

Tier 2 Classification
Scour Pool
Riffle
Scour Pool
Scour Pool
Riffle
N/A
Scour Pool
Riffle
Scour Pool
Rapid
Scour Pool
Riffle
Scour Pool
Riffle
Scour Pool
Riffle

Table A2. Reach-level characteristics quantifying large woody debris (LWD)
Bankfull LWD
Wetted LWD
Bankfull LWD Wetted LWD
Frequency/100 Frequency/100
3
3
Reach
Volume (m )
Volume (m )
m
m
1
39.32
27.80
53.28
26.28
2
15.34
0.12
12.54
1.79
3
108.53
56.76
181.31
64.49
4
17.13
14.81
34.58
16.80
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Table A3. Reach-level characteristics quantifying riparian vegetation composition

Reach
1
2
3
4

% Canopy
Cover
37
37
6
20.5

% Understory
Cover
40
57.5
51.5
48.5

% Ground
Cover
40
55.5
40
56

% Coniferous
Cover
30.25
38.25
5.25
17.5

% Non-woody
Cover
21
35
19.5
33.5

Table A4. Average Instream Canopy Cover by
Reach
Reach
% Canopy Cover
1
38.00
2
48.54
3
13.87
4
41.90

120

Cumulative Percent Finer

100
D84
80

Reach 1
Reach 2
Reach 3
Reach 4

60
D50
40
20
0

D16

100

10
Particle Size (mm)

Figure A1. D16, D50 and D80 particle size distribution for reaches 1-4
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1000

APPENDIX B
ADDITIONAL MICROHABITAT SURVEY DATA

Figure B1. Probability of presence of YOY as a function of the distance to the nearest
shoreline
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Figure B2. Probability of presence of YOY bull trout as a function of the percentage of
boulders (b-axis of 256+ mm) present

Figure B3. Probability of presence of YOY as a function of the percentage of cobble size
substrate (b-axis of 64-256 mm) present
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